The E1p enzyme is an essential part of the pyruvate dehydrogenase complex (PDHC) and catalyzes the oxidative decarboxylation of pyruvate with concomitant acetylation of the E2p enzyme within the complex. We analyzed the Corynebacterium glutamicum aceE gene, encoding the E1p enzyme, and constructed and characterized an E1p-deficient mutant. Sequence analysis of the C. glutamicum aceE gene and adjacent regions revealed that aceE is not flanked by genes encoding other enzymes of the PDHC. Transcriptional analysis revealed that aceE from C. glutamicum is monocistronic and that its transcription is initiated 121 nucleotides upstream of the translational start site. Inactivation of the chromosomal aceE gene led to the inability to grow on glucose and to the absence of PDHC and E1p activities, indicating that only a single E1p enzyme is present in C. glutamicum and that the PDHC is essential for the growth of this organism on carbohydrate substrates. Surprisingly, the E1p enzyme of C. glutamicum showed up to 51% identity to homodimeric E1p proteins from gram-negative bacteria but no similarity to E1 ␣-or ␤-subunits of heterotetrameric E1p enzymes which are generally assumed to be typical for gram-positives. To investigate the distribution of E1p enzymes in bacteria, we compiled and analyzed the phylogeny of 46 homodimeric E1p proteins and of 58 ␣-subunits of heterotetrameric E1p proteins deposited in public databases. The results revealed that the distribution of homodimeric and heterotetrameric E1p subunits in bacteria is not in accordance with the rRNA-based phylogeny of bacteria and is more heterogeneous than previously assumed.
The pyruvate dehydrogenase complex (PDHC) represents a member of a multienzyme complex family that also comprises the 2-oxoglutarate dehydrogenase complex (OGDHC) and the branched-chain 2-oxoacid dehydrogenase complex (BCOADHC). These enzymes catalyze the oxidative decarboxylation of pyruvate, 2-oxoglutarate, and the 2-oxo acids of the branched-chain amino acids L-leucine, L-valine, and L-isoleucine, respectively. In general, the multienzyme complexes are composed of multiple copies of three different enzymes, a thiamine pyrophosphate (TPP) containing 2-oxoacid decarboxylase (E1), a lipoic acid-containing dihydrolipoamide acyltransferase (E2), and the flavin-containing lipoamide dehydrogenase (LPD). The E1 enzyme catalyzes the irreversible, TPP-dependent oxidative decarboxylation of the 2-oxoacid, followed by the acylation of the lipoyl prosthetic group covalently attached to the E2 chain. The E2 component catalyzes the transfer of the acyl group from the lipoyl group to coenzyme A (CoA). The resulting dihydrolipoyl group is reoxidized by LPD, generating NADH and H ϩ from NAD ϩ (for a recent review, see reference 11). The E1 and E2 enzymes are specific for each of the three multienzyme complexes and therefore specified as E1p and E2p in the PDHC, E1o and E2o in the OGDHC, and E1b, and E2b in the BCOADHC. In contrast, the LPD component is common in the three multienzyme complexes in most organisms (11, 42) . Depending on the organism and the type of 2-oxoacid dehydrogenase complex, the E1 enzyme exists either as a homodimer (␣ 2 ) or as a heterotetramer (␣ 2 ␤ 2 ), the subunits of both types showing only very weak similarity to each other and not being related (11) . In all known OGDHCs and in the PDHCs of all gram-negative bacteria investigated, the E1 enzyme represents a homodimeric enzyme, whereas in all known BCOADHCs and in the PDHCs of gram-positive bacteria and eukaryotes, E1 represents a heterotetramer (17, 28, 37, 42) . The known exceptions from this rule are Zymomonas mobilis and Thiobacillus ferrooxidans, both of which are gram-negatives and have been shown to possess heterotetrameric E1p enzymes (37) .
The genes encoding the E1p enzymes from a number of different bacteria have been cloned and (functionally) characterized (reviewed in reference 37). They are designated either aceE or pdhA in the case of the homodimeric E1p enzyme or as pdhA(␣) and pdhA(␤) in the case of the heterotetrameric E1p ␣-and ␤-subunits, respectively. In most organisms, the gene(s) encoding the E1p components is clustered with the gene encoding the E2 subunit of the PDHC (i.e., depending on the organism, it is designated the aceF, pdhB, or pdhC gene [37] ). The LPD gene(s) in most cases is located either together with the E1p or E2p gene or in the cluster of the odh genes, which encode the enzyme components of the OGDHC (24, 37, 53, 61, 72, 73) .
Corynebacterium glutamicum is an aerobic, gram-positive organism that grows on a variety of sugars and organic acids and is widely used in the industrial production of amino acids, particularly L-glutamate and L-lysine (35) . Due to its importance for the carbon flux distribution within metabolism and for the precursor supply for amino acid synthesis, the phosphoenolpyruvate-pyruvate node of C. glutamicum has been intensively studied and much attention has been focused on some of the enzymes involved (reviewed in reference 49). However, despite its crucial role, the PDHC of this organism has only scarcely been investigated at the molecular and structural levels. The activity of the PDHC has been detected in various strains of C. glutamicum (8, 9, 56, 59) . The activity depends on the substrate pyruvate and the cofactors TPP and Mg 2ϩ and is higher in the presence of either cysteine or dithiothreitol (59) . According to enzyme measurements with cell extracts, the C. glutamicum PDHC is not subject to any significant regulation modulating its activity (8, 9, 64) . This seems surprising in view of the complex regulation of PDHCs in other bacteria as well as in eukaryotes (5, 18, 20, 23, 58) . Whereas the C. glutamicum E1p and E2p proteins and their genes have not been investigated so far, Schwinde et al. (56) cloned and analyzed a functional lpd gene from C. glutamicum and purified and biochemically characterized the corresponding LDP protein. The lpd gene is monocistronic and not clustered with the genes for other enzymes of the PDHC or of the OGDHC. However, as lpd-deficient mutants of C. glutamicum have not yet been generated and analyzed, it remains unclear whether the characterized LPD protein functions as the third subunit of the PDHC and/or of another 2-oxoacid dehydrogenase complex in C. glutamicum.
The genome sequence of C. glutamicum has recently been determined and annotated (GenBank accession numbers NC_003450 and BX927147) (26, 29, 62) , and an open reading frame (cg2466) coding for a protein with significant similarity to the Escherichia coli E1p enzyme has been detected and accordingly designated the aceE gene (29) . In the present study we describe the genetic and functional characterization of the C. glutamicum E1 enzyme of the PDHC. It represents the first example for a homodimeric E1p protein in a gram-positive bacterium. Furthermore, we performed sequence analyses of all E1 amino acid sequences available in public databases and investigated the distribution as well as the phylogeny of homodimeric and heterotetrameric E1p proteins in prokaryotes.
MATERIALS AND METHODS
Bacteria, plasmids, oligonucleotides, and culture conditions. All bacterial strains and plasmids and their relevant characteristics and sources are given in Table 1 . The oligonucleotides used and their sequences are also listed in Table  1 . The minimal medium used for C. glutamicum has been described previously (14) and contained 1% (wt/vol) acetate, lactate, pyruvate, or 2% (wt/vol) glucose as the carbon and energy source. Tryptone-yeast extract (TY) medium (48) was used as the complex medium for C. glutamicum and E. coli. When appropriate, kanamycin (50 g ml Ϫ1 ) was added to the medium. If not stated otherwise, C. glutamicum was grown aerobically at 30°C and E. coli was grown aerobically at 37°C as 60-ml cultures in 500-ml baffled Erlenmeyer flasks on a rotary shaker at 120 rpm. DNA preparation and transformation. The isolation of chromosomal DNA and plasmids from C. glutamicum was performed as described previously (15) . Plasmid isolation from E. coli was carried out according to the method of Birnboim (4) . DNA transfer into C. glutamicum was performed by electroporation, and the recombinant strains were selected on LBBHIS agar plates containing kanamycin (15 g ml Ϫ1 ) (65) . Electroporation of E. coli was performed with competent cells according to the method of Dower et al. (12) .
PCR techniques. PCR experiments were performed in a Biometra personal cycler (Biotron, Göttingen, Germany). Amplification of DNA was carried out with Vent polymerase (New England Biolabs). Buffers and deoxynucleoside triphosphates were taken from MBI-Fermentas (St. Leon-Rot, Germany). Oligonucleotides (primers) were obtained from MWG-Biotech (Ebersberg, Germany). Cycling times and temperatures were chosen according to fragment length and primer constitution. PCR products were purified from agarose gels using the Nucleospin extract II kit (Macherey & Nagel, Düren, Germany).
DNA manipulation and Southern hybridization. Restrictions enzymes, T4 DNA ligase, calf intestinal phosphatase, RNase A, proteinase K, and Taq polymerase were purchased from MBI-Fermentas and used according to the instructions of the manufacturer. After restriction digests, DNA was separated on agarose gels and purified with the Nucleospin extract II kit. DNA hybridization experiments were performed as previously described (15) . An aceE-specific 580-bp DNA fragment was amplified from chromosomal DNA of wild-type (WT) C. glutamicum by PCR with the primers delaceE1 and delaceE3 and used as a probe. Labeling, hybridization, washing, and detection were conducted using the nonradioactive DNA labeling and detection kit and the instructions from Roche Diagnostics (Penzberg, Germany).
Construction of a C. glutamicum aceE deletion mutant. Inactivation of the chromosomal aceE gene in C. glutamicum was performed as described previously (38) , using crossover PCR and the suicide vector pK19mobsacB. aceE-specific DNA fragments were generated using the primer pairs delaceE1-delaceE3 and delaceE4.1-delaceE5.3. Fragment 1 covers 393 bp upstream of aceE and 187 bp of the 5Ј end of aceE, and fragment 2 covers 547 bp of the 3Ј end of aceE and 28 bp downstream of the aceE stop codon (see Fig. 2 ). The two fragments were purified, mixed in equal amounts, and subjected to crossover PCR using primers delaceE1 and delaceE5.3. The resulting fusion product (containing the aceE gene with a deletion of 2,077 bp) was digested with BamHI/SalI, ligated into the BamHI/SalI-restricted plasmid pK19mobsacB, and transformed into E. coli. The recombinant plasmid was isolated from E. coli and electroporated into WT C. glutamicum. By application of the method described by Schäfer et al. (50) , the intact chromosomal aceE gene in WT C. glutamicum was replaced by the truncated aceE gene via homologous recombination (double crossover). The screening of the aceE mutants was done on LB agar plates containing 0.5% (wt/vol) glucose and 10% (wt/vol) sucrose. The replacement at the chromosomal locus was verified by PCR using primers delaceE1/delaceE5.3 and by Southern blot analysis. For the latter, a labeled aceE probe was hybridized to SalI-restricted and size-fractionated chromosomal DNA from WT C. glutamicum and the C. glutamicum ⌬aceE mutant, resulting in one signal of about 8.3 kb with the DNA from the WT strain and one signal of about 6.2 kb with the DNA from the ⌬aceE mutant.
Cloning of the aceE promoter. The aceE promoter fragment was amplified from chromosomal DNA of WT C. glutamicum by PCR with the primers aceEprom1 and aceEprom2. The PCR product was digested with SalI and BamHI, ligated into SalI/BamHI-restricted plasmid pET2, and transformed into E. coli. The recombinant plasmid pET-PaceE was then isolated from E. coli and introduced into C. glutamicum by electroporation.
RNA techniques. For RNA isolation, C. glutamicum cells grown to the exponential phase (optical density at 600 nm of about 3) were treated with 1 volume of ice-cold killing buffer (20 mM Tris-HCl, pH 8.0, 20 mM NaN 3 , MgCl 2 ), harvested, and resuspended in 100 l ice-cold RNase-free water. The cell suspension was transferred to 2-ml screw-cap vials containing 500 mg glass beads (150 to 212 m; Sigma), 0.5 ml RNeasy lysis buffer (QIAGEN, Hilden, Germany), and 0.5 ml acidic phenol (pH 5.5) and then mechanically disrupted by incubation three times for 45 s at 4°C in a RiboLyser (Hybaid, Heidelberg, Germany) at setting 6.5. After disruption, glass beads and cellular debris were removed by centrifugation (10,000 ϫ g, 4°C). The supernatant was extracted with hot phenol as described by Schwinde et al. (55) , and then the RNA was ethanol precipitated and dissolved in 400 l RNase-free water. After treatment with 30 units RNase-free DNase (MBI Fermentas) for 15 min at 37°C, the sample was applied to an RNeasy Midi spin column (QIAGEN) and purified by following the instructions of the manufacturer. Aliquots of RNA were stored at Ϫ70°C until use.
For Northern (RNA) hybridization, a digoxigenin-dUTP-labeled aceE-specific 580-bp DNA probe was generated as described above. For hybridization, 10 g of total RNA from WT C. glutamicum was separated on an agarose gel containing 17% (vol/vol) formaldehyde and transferred onto a nylon membrane (15) . Hybridization (at 50°C, in the presence of 50% formamide, vol/vol), washing, and detection were carried out using a nucleic acid detection kit according to the instructions from Roche Diagnostics (Penzberg, Germany). The size marker was the 0.24-to 9.5-kb RNA ladder from GibcoBRL.
Primer extension reactions were carried out as described previously (30) with IRD800-labeled primers CM4 and CM5 and RNA from C. glutamicum (pETPaceE). The IRD800-labeled primers were obtained from MWG Biotech. Primers CM4 and CM5 are complementary to regions from nucleotides (nt) 45 to 64 and 34 to 51, respectively, downstream of the BamHI site of the multiple cloning site in plasmid pET2. Primer extension products were analyzed with an automatic sequencer (LI-COR 4000L; Licor, Inc.) using a 6% (wt/vol) polyacrylamide gel at 1,500 V and 50°C. For the exact localization of the transcriptional start site, sequencing reactions using plasmid pET-PaceE and the same oligonucleotide used for the respective primer extension reaction were coelectrophoresed.
Enzyme assays. To determine PDHC activity in cell extracts, C. glutamicum cells were harvested in the exponential growth phase (optical density at 600 nm of about 8), washed twice in 100 mM Tris-HCl, pH 7.2, 3 mM L-cysteine, 10 mM MgCl 2 , and resuspended in 0.5 ml of the same buffer. The cell suspension was transferred to 2-ml screw-cap vials together with 250 mg glass beads (150 to 212 m; Sigma) and subjected five times for 30 s to mechanical disruption with a RiboLyser at 4°C, with intermittent cooling on ice for 2 min. After disruption, the glass beads and the cellular debris were removed by centrifugation (10,000 ϫ g, 4°C, 15 min) and the supernatant was used for the assay. The protein concentration was determined by a bicinchoninic acid protein assay reagent kit (Pierce, Bonn, Germany) with bovine serum albumin as the standard. PDHC enzyme activities were determined photometrically according to the method described by Guest and Creaghan (19) . One unit of activity is defined as 1 mol NADH formed per min at 30°C.
For the determination of chloramphenicol acetyltransferase (CAT) activity, crude extracts were prepared as described above, except that cells were washed twice in 50 mM Tris-HCl, pH 7, and resuspended in 0.5 ml of the same buffer containing 10 mM MgCl 2 , 1 mM EDTA, and 30% (vol/vol) glycerol. CAT activity was assayed photometrically at 412 nm as described by Shaw (57) in 1 ml 100 mM Tris-HCl, pH 7.8, 1 mM 5,5Ј-dithiobis-2-nitrobenzoic acid, 0.1 mM acetyl-CoA, and 0.25 mM chloramphenicol. One unit of CAT activity is defined as 1 mol chloramphenicol acetylated per min at 37°C.
For the determination of E1p activity, crude extracts were prepared as described above, except that cells were washed twice in 50 mM Tris-HCl, pH 7.5, 10% (vol/vol) glycerol, and resuspended in 0.5 ml of the same buffer. E1p activity was assayed photometrically according to the method described by Schwartz and Reed (54) . One unit of activity corresponds to 2 mol ferricyanide reduced per min at 30°C.
Computational analysis. MFold (75) was the software used for the calculation of the ⌬G oЈ value (free energy under standard conditions) of the aceE terminator structure. Databank searches and alignments were carried out by using BLAST and CLUSTALW (2, 63) . Phylogenetic trees were generated using the neighborjoining method (46) , including 100 bootstrap replicates. The accession numbers for all homodimeric E1p and heterotetrameric E1p␣ and E1b␣ sequences used for the phylogenetic analysis were as follows. The homodimeric E1p sequences were Acinetobacter sp. strain ADP1 (YP_047975), 
RESULTS
PDHC activity in C. glutamicum. The specific activity of the PDHC was determined in cell extracts of WT C. glutamicum grown in TY complex medium and in minimal medium containing glucose or acetate as the carbon source and harvested at the mid-exponential growth phase. The highest specific activity (0.087 U mg protein Ϫ1 ) was found in cells grown in TY medium ( Table 2 ). The activity was about two-to threefold lower when the cells were grown in media containing glucose or acetate. The dependency of the PDHC activity on the growth phase was elucidated by measuring the specific activity in cell extracts from WT C. glutamicum grown to the stationary growth phase in TY medium and harvested in 2-hour intervals (Fig. 1) . The highest specific activity was found when the cells were harvested in the mid-to late exponential growth phase; much lower activities were found in cells of the stationary phase. These results suggest that the PDHC in C. glutamicum is weakly regulated by the growth medium and is significantly regulated dependent on the growth phase. In view of the central position of the PDHC in the metabolism, this regulation might be significant for the carbon flux in C. glutamicum.
The analysis of the PDHC activity in extracts of WT C. glutamicum revealed an apparent K m value of about 1.7 mM for pyruvate, which is about twofold higher than that (0.8 mM) reported by Shiio et al. (59) . In accordance with these authors, the WT C. glutamicum enzyme required Mg 2ϩ and TPP for maximal activity.
Nucleotide sequence of the C. glutamcium aceE gene and analysis of the deduced E1p amino acid sequence. Due to sequence similarity to the E. coli aceE gene, the cg2466 gene of the C. glutamicum genome has recently been annotated as an aceE gene, putatively coding for the E1 enzyme of the C. glutamicum PDHC (29) . The aceE gene of C. glutamcium consists of 2,766 bp and is preceded by a typical ribosomal binding site (AGGAGG). Centered 38 bp downstream of the aceE stop codon, a region of dyad symmetry followed by several T residues similar to rho-independent transcription terminators was found. The mRNA hairpin loop predicted from this sequence has a ⌬G oЈ value of Ϫ24.0 kcal/mol at 25°C. This result indicates transcriptional termination downstream of the aceE gene. According to the C. glutamicum genome sequence (GenBank accession numbers NC_003450 and BX927147 [26, 29] ), three divergently orientated open reading frames, cg2467, cg2468, and cg2470, are located downstream of the aceE gene (Fig. 2) . The deduced amino acid sequences of these open reading frames show significant similarities to components of FIG. 1. Growth (black squares) and pyruvate dehydrogenase complex (PDHC) activity (black bars) of WT C. glutamicum grown on TY complex medium. The standard deviations of the enzyme determinations were below 10%. OD 600 , optical density at 600 nm. ABC transporters (ATP binding protein, permease, and substrate binding protein, respectively). Two open reading frames (cg2464 and cg2465) were identified in the region up to 1,000 bp upstream of the aceE gene, both annotated as coding for hypothetical (unknown) proteins. According to the nucleotide sequence, the C. glutamicum aceE gene encodes a polypeptide of 922 amino acids with a predicted molecular mass of 102.8 kDa. Alignment studies revealed the 49% to 51% identity of the C. glutamicum protein to the functionally well-characterized homodimeric E1 enzymes of PDHCs from the gram-negatives E. coli, Wautersia (Ralstonia) eutropha, Azotobacter vinelandii, Pseudomonas aeruginosa, and Neisseria meningitidis (Fig. 3) . The alignment of the C. glutamicum enzyme with the homodimeric E1p proteins revealed highly conserved residues and sequence motifs, especially in those regions suggested to be essential for cofactor binding and catalytic activity (3) . These motifs include the TPP binding motif GDG. . . X 26 . . .NCN (residues 253 to 284 in the C. glutamicum sequence) located in the N-terminal part of all homodimeric E1p enzymes, binding sites for divalent cations (Asp254, Asn284, and Gln286), and several residues proposed to be involved in cofactor binding and catalysis (His128, His164, His668, Glu550, Tyr201, and Asp549) (Fig. 3) . Surprisingly, the databank searches of the C. glutamicum genome revealed no putative proteins showing similarity to the E1␣ or E1␤ subunits of heterotetrameric E1p enzymes, generally assumed to be typical for gram-positive bacteria (11, 17, 37) . In summary, sequence analysis of the cg2466 gene suggests the presence of a homodimeric E1p enzyme in the PDHC of gram-positive C. glutamicum.
Inactivation of the chromosomal aceE gene. To study whether C. glutamicum requires the aceE gene for growth and for PDHC activity, the chromosomal aceE locus was partially deleted and the resulting strain, the C. glutamicum ⌬aceE mutant, was tested for growth in different media and for PDHC activity. The growth of the C. glutamicum ⌬aceE mutant was negligible in TY medium, but the strain grew as well as WT C. glutamicum on TY medium supplemented with acetate. Furthermore, the C. glutamicum ⌬aceE mutant was unable to grow in minimal medium with glucose, pyruvate, or lactate as the sole carbon source but grew almost identically to WT C. glutamicum in minimal medium containing glucose plus acetate as carbon sources (Fig. 4) . In accordance with these findings, the growth of the C. glutamicum ⌬aceE mutant was indistinguishable from that of the WT strain in minimal medium containing acetate as the sole carbon source (Fig. 4) . These results indicate that the aceE gene is essential for the growth of C. glutamicum in minimal medium containing glucose or other substrates entering the central metabolism as intermediates of glycolysis but not for growth in minimal medium with acetate as the carbon and energy source.
To investigate whether the aceE gene in fact encodes the E1 enzyme of the PDHC in C. glutamicum, both the specific PDHC and E1p activities were determined in cell extracts of WT C. glutamicum and the C. glutamicum ⌬aceE mutant grown in complex and minimal media containing acetate. As shown in Table 2 , the C. glutamicum ⌬aceE mutant was devoid of any detectable PDHC activity (Ͻ0.01 U mg protein Ϫ1 ), whereas the WT strain showed 0.032 U mg protein Ϫ1 and 0.034 U mg protein Ϫ1 , respectively. Furthermore, no E1p activitiy (Ͻ0.01 U mg protein Ϫ1 ) was detected in extracts of C. glutamicum ⌬aceE mutant cells grown in TY medium supplemented with acetate (0.5%, wt/vol), whereas an activity of 0.017 U mg protein Ϫ1 was measured in extracts of WT C. glutamicum. These findings indicate (i) that the aceE gene in fact encodes the E1 enzyme of the PDHC in C. glutamicum and (ii) that there are no isoenzymes for the E1p protein in C. glutamicum. Furthermore, our findings represent the first example of a homodimeric E1 enzyme of a PDHC in a gram-positive bacterium.
Transcriptional analysis of the aceE gene. Northern (RNA) hybridization experiments were performed in order to analyze the size of the aceE transcript. For this purpose, total RNA from WT C. glutamicum was isolated, size-fractionated, transferred onto a nylon membrane, and hybridized to an aceEspecific digoxigenin-UTP-labeled DNA probe. The hybridization revealed a signal at about 2.9 kb (data not shown), which corresponds well to the size of the aceE gene (2.8 kb). This result indicates that the C. glutamicum aceE transcript is monocistronic.
To confirm the presence of a promoter and to investigate transcriptional regulation of the aceE gene, a transcriptional fusion between the putative aceE promoter region and the promoterless chloramphenicol acetyltransferase (CAT) gene was constructed in the promoter probe vector pET2. The resulting plasmid, pET2-PaceE, was transformed into WT C. glutamicum and CAT activity was determined in the plasmidcarrying strain during growth in TY medium and in minimal medium containing glucose or acetate as the carbon source. Whereas C. glutamicum carrying the host plasmid pET2 showed no CAT activity (Ͻ0.01 U mg protein Ϫ1 ) on either medium, the strain carrying pET2-PaceE showed 0.92 U mg protein Ϫ1 during growth in TY medium and approximately 1.5-fold-lower CAT activity during growth in minimal medium containing glucose or acetate (0.61 and 0.58 U mg protein Ϫ1 , respectively). These results confirm the presence of a promoter immediately upstream of the aceE gene and indicate weak transcriptional control of the aceE gene by the carbon source in the growth medium.
To identify the transcriptional initiation site of the C. glutamcium aceE gene and to localize the aceE promoter, primer extension experiments were performed. Using oligonucleotide CM4 and 50 g total RNA isolated from C. glutamicum pET2-PaceE, a major signal corresponding to an A residue 121 nucleotides upstream of the aceE translational start was obtained (Fig. 5) . This result was confirmed in an independent experiment with primer CM5 (data not shown). At an appropriate distance (8 bp) upstream of the transcriptional initiation site of the aceE gene, a sequence, TATCCT, with significant similarity to the consensus Ϫ10 region (TAT/CAAT) of C. glutamicum promoters (40, 41) is present. No apparent Ϫ35 region (TTG CCA) can be recognized, which is a common feature of C. (40, 41) . In addition to the main signal at position Ϫ121, with both primer CM4 and primer CM5 we obtained a less prominent primer extension signal which corresponded to an A residue 54 nucleotides upstream of the aceE translational start site. However, analysis of the DNA sequence upstream of this site revealed no motifs which are similar to the consensus Ϫ10 and Ϫ35 regions of C. glutamicum vegetative promoters. Sequence comparisons and phylogenetic analyses. Databank searches with the amino acid sequence of homodimeric E1p of C. glutamicum revealed, aside from similarities to the functionally proven E1p proteins of different gram-negatives (Fig. 3 ), significant levels of identity (Ն40%) to putative or hypothetical E1p proteins from other bacteria, e.g., from "high-GC-content gram-positives," deinococci, planctomycetes, several proteobacteria, and, surprisingly, the eukaryotic Anopheles gambiae (Table 3) . To elucidate the phylogeny of the homodimeric E1p protein family, a phylogenetic tree based on comparison of the deduced amino acid sequences of 46 E1p genes currently available in public databases was constructed. As shown in Fig. 6 , the phylogenetic tree of homodimeric E1p proteins contains four major clusters. Clusters I and IV predominantly entail sequences of the ␥-proteobacteria, whereas cluster II comprises all sequences of the high-GC-content gram-positives, deinococci, and planctomycetes and several sequences of ␥-proteobacteria and cluster III contains mainly proteins of the ␤-proteobacteria.
To elucidate also the distribution of heterotetrameric E1p proteins in bacteria, databank searches were carried out using the functionally proven E1p ␣-subunits of Z. mobilis (37) and Bacillus subtilis (24) ( Table 4 ). The E1p ␣-subunits of Z. mobilis showed highest similarity (Ն40% identity) to putative proteins of many ␣-proteobacteria, sphingobacteria, and several eukaryotes, e.g., Mus musculus, Rattus norvegicus, and Saccharomyces cerevisiae. In contrast, the B. subtilis protein showed only relatively weak similarity to the Z. mobilis enzyme, but high levels of identity (Ն40%) to the described E1p ␣-subunits from Acholeplasma laidlawii (68) and to putative E1p ␣-subunits from several low-GC-content gram-positives, ␥-proteobacteria, deinococci, and the archaeon Haloferax volcanii. Surprisingly, the B. subtilis E1p ␣-subunit showed only weak similarity to the functionally proven protein of the low-GC-content gram-positive bacterium Mycoplasma capricolum (74) .
A phylogenetic tree of the heterotetrameric E1p protein family was constructed using the deduced amino acid sequences of 58 E1p ␣-subunits deposited in public databases. As depicted in Fig. 7 , this tree contains four major clusters broadly corresponding to the low-GC-content gram-positive bacteria (cluster I), cyanobacteria, and chloroplasts (cluster II), the mitochondria (cluster III), and the ␣-proteobacteria (cluster  IV) .
Surprisingly, databank searches and sequence comparisons revealed that the ␣-subunits of the known heterotetrameric E1p proteins of Z. mobilis, B. subtilis, M. capricolum, A. laidlawii, and Synechocystis sp. show significant similarity (28 to 42% identity) to the known heterotetrameric E1 ␣-subunits of the BCOADHC from B. subtilis (69) , S. avermitilis (60) , P. putida (6), T. thermophilus (36) , and M. musculus (10) . All these BCOADHC E1 ␣-proteins cluster with the PDHC E1 ␣-proteins of the low-GC-content gram-positive bacteria (Fig.  7, cluster I) .
In summary, the sequence comparisons and phylogenetic studies suggest that (i) homodimeric E1p proteins are typical for the PDHCs of ␤-and ␥-proteobacteria, the deinococci, and the high-GC-content gram-positive bacteria and (ii) heterotetrameric E1p proteins are typical for the PDHCs of the ␣-proteobacteria, the low-GC-content gram-positive bacteria, and the cyanobacteria.
DISCUSSION
It has generally been assumed that aerobic gram-negative bacteria possess homodimeric and that gram-positive bacteria possess heterotetrameric E1p enzymes in their PDHCs. The present study describes for the first time the genetic and functional characterization of an E1p enzyme of the homodimeric type from a gram-positive bacterium, i.e., from C. glutamicum.
DNA sequence analysis of the C. glutamicum E1p gene (aceE) and adjacent open reading frames and comparisons with the respective gene loci in other bacteria highlighted some differences between the chromosomal organization of the C. glutamicum aceE locus and that of functionally proven aceE (pdhA) genes in other microorganisms. Except in Z. mobilis, the genes for the (homodimeric and heterotetrameric) E1p and the E2p enzymes of the PDHCs are clustered in the genomes of all bacteria studied so far (37) . Additionally, a gene encoding an LPD can be found downstream of the E1p and E2p genes in some of these bacteria (37) . A functional lpd gene (cg0441) putatively coding for the LPD enzyme of the PDHC has been identified in the C. glutamicum genome; however, it is not located in the region of the aceE locus and it is not clustered with genes for other subunits of the PDHC or the OGDHC (13, 56) . Other genes (i.e., cg2194, cg0790, and cg3339) coding for proteins with some similarity (24 to 29% identity) to LPD proteins from other bacteria are also not clustered with the aceE gene or with a gene possibly coding for an E2 protein. A single gene (cg2421 or NCgl2126) for a protein with homology to the E2 subunits of PDHCs or OGDHCs can be found in the C. glutamicum genome (29); however, so far this gene has not been studied and it remains to be proven whether it in fact represents a functional E2 gene. Thus, although a functional E2p gene (aceF or pdhB) so far has not yet been identified in C. glutamicum, it is obvious from sequence analyses up-and downstream of the aceE gene that in this organism the genes encoding the E1 and E2 enzymes of the PDHC are also not clustered. In E. coli, the structural genes for the PDHC are transcribed in a single operon, together with an upstream gene encoding the regulatory protein PdhR (44) . This regulator negatively controls the expression of the whole pdh operon, probably with pyruvate serving as an inducing effector (44) . The C. glutamicum aceE gene is expressed as an independent single cistron, and from genome and sequence analyses, there is no indication for a PdhR homologue. All these findings indicate that the chromosomal aceE locus in C. glutamicum does not resemble any of the aceE or pdhA loci analyzed so far from other organisms and that the transcriptional organization in this organism is different. The enzymatic characterization of the defined C. glutamicum ⌬aceE mutant unequivocally demonstrated that the aceE gene in fact codes for the E1 subunit of the PDHC. Furthermore, the analysis revealed that the PDHC is essential for the growth of C. glutamicum on minimal medium containing glucose, pyruvate, or lactate as the carbon and energy source. These findings indicate that under the conditions tested, the PDHC is the main enzyme responsible for providing acetylCoA during the growth of C. glutamicum on substrates or intermediates that do not enter the central metabolism via acetyl-CoA. In contrast, the PDHC is dispensable for the growth of C. glutamicum on minimal medium containing acetate as the sole or as an additional carbon and energy source. This substrate is activated in C. glutamicum to acetyl-CoA by acetate kinase and phosphotransacetylase (45, 71) and then, independently of the PDHC, channeled into the tricarboxylic acid cycle. In accordance with our results, the known PDHCnegative mutants of E. coli, Pseudomonas aeruginosa, and Salmonella enterica serovar Typhimurium also show an acetateauxotrophic phenotype (1, 25, 27, 33) . Very recently, we identified, purified, and characterized a pyruvate:quinone oxidoreductase (PQO) in C. glutamicum (52) . This enzyme is a homotetrameric flavoprotein containing TPP, and it catalyzes the oxidative decarboxylation of pyruvate to acetate and CO 2 , probably using a menaquinone as the physiological electron acceptor. Using 2,6-dichloroindophenol as an artificial electron acceptor, the PQO activity was highest (about 0.055 U/mg of protein) in C. glutamicum cells grown on complex medium and about threefold lower when glucose was added to the complex medium or when the cells were grown in minimal medium containing different carbon sources (52) . The PQO thus represents an additional pyruvate-decarboxylating enzyme in C. glutamicum, and we therefore speculated that the PQO reaction, together with the reactions of the acetate kinase and the phosphotransacetylase, might be able to bypass the PDHC reaction (52) . However, the inability of the PDHCnegative C. glutamicum mutant to grow on minimal medium containing glucose indicated that the PQO is not able to compensate for a PDHC under the conditions generally used to cultivate C. glutamicum. The inability to replace the PDHC might be due to the relatively low affinities of the PQO for pyruvate (K m ϭ 30 mM [52] ) and/or of the acetate kinase for acetate (K m ϭ 7.9 mM [45] ). However, in nature or under different culture conditions there might be conditions when the intracellular pyruvate concentration in C. glutamicum rises to values well above the K m value, and then the PQO might substitute for the PDHC.
Although the PDHC has a crucial role within the metabolism of C. glutamicum, relatively little effort has been devoted to the regulation of this enzyme complex on the genetic level. The analysis of the specific PDHC activities in extracts of cells grown on different media indicated that the synthesis or the assembly of the PDHC in C. glutamicum is only very weakly regulated by the carbon source in the growth medium. In accordance with our findings, enzyme measurements with extracts of C. glutamicum cells cultivated in a chemostat at various dilution rates on minimal media containing glucose, pyruvate, or lactate revealed no significant differences in the specific activities under all conditions applied (8, 9, 64) . These results suggested that the PDHC is constitutively, and with about the same specific activity, present in C. glutamicum cells grown in minimal medium containing different carbon sources. This is in contrast to the situation with E. coli, where two-to fourfold-higher activity and about-twofold-lower activity was observed in minimal medium containing pyruvate and acetate, respectively, than in minimal medium containing glucose (34, 43, 44) . However, under batch culture conditions, we found the specific PDHC activity in C. glutamicum to be significantly dependent on the growth phase. The low PDHC activity at the beginning and at the end of growth might be explained by an ineffective or unbalanced assembly of the multienzyme complex or by low de novo synthesis of one or more enzymes of the PDHC in the respective growth phases. However, the transcriptional-fusion experiments showed no correlation between the specific PDHC activity and the aceE promoter activity in the course of the growth. Thus, it seems likely that the amount of functional PDHC in C. glutamicum depends on the expression of the gene(s) encoding E2p and/or the LPD and, thus, on the availability of these enzymes. However, this hypothesis and the nature and mechanism of the genetic (co)control of the E1p, E2p, and the LPD genes in C. glutamicum still have to be elucidated.
Our compilation of E1 sequences deposited in public databases suggests that the distribution of homodimeric and heterotetrameric E1p subunits in bacteria is not in accordance with the rRNA-based phylogeny of bacteria and, instead, is much more heterogeneous than previously described (11, 17, 37) . The analyses indicate that either homodimeric or heterotetrameric E1p enzymes are present in a given bacterial group; e.g., homodimeric enzymes are found mainly in ␤-and ␥-proteobacteria, in high-GC-content gram-positive bacteria, and in deinococci, whereas heterotetrameric enzymes are found predominantly in ␣-proteobacteria, cyanobacteria, and the low-GC-content gram-positive bacteria. A simple explanation for this heterogeneous distribution of the two E1p types is that homodimeric and heterotetrameric E1 progenitors have existed in ancestral bacteria and that later, in the process of diversification, the enzymes in different bacterial groups acquired specialized (e.g., pyruvate-specific) functions. This hypothesis would explain (i) that homodimeric and heterotetrameric E1p proteins show no obvious sequence similarity (11, 17) , (ii) that both E1 types possess completely different sequence motifs important for catalysis (17) , and (iii) that some bacteria (e.g., C. burnetii and T. thermophilus) (Fig. 6 and 7) possess genes for proteins with significant similarity to both homodimeric and heterotetrameric E1p enzymes. Analysis of the phylogeny of the homodimeric E1p family (Fig. 6 ) reveals that the cluster comprising the enzymes of the high-GC-content gram-positive bacteria and deinococci also contains several enzymes of ␥-proteobacteria, e.g., Legionella and Acinetobacter (cluster II). Thus, those proteins are probably more closely related to the proteins of the high-GC-content gram-positive bacteria and deinococci than to those of other ␥-proteobacteria, e.g., E. coli or Haemophilus. Furthermore, the homodimeric E1p proteins of the ␥-proteobacteria Azotobacter, Microbulbifer, and Pseudomonas are located in a completely independent cluster (cluster IV in Fig. 6 ). This heterogeneity suggests that the enzymes may originate from independent gene transfer events from ancient bacteria into ancestral ␥-proteobacteria. Further analysis of the phylogeny of the homodimeric E1p family revealed that the eukaryotic Anopheles gambiae protein is positioned within the ␥-proteobacterial cluster (cluster I in Fig. 6 ) and that the three ␥-proteobacterial Xanthomonas, Xylella, and Methylococcus proteins are located within the main ␤-proteobacterial cluster of enzymes (cluster III in Fig. 6 ). These findings probably represent examples for more recent gene transfers from bacteria to eukaryotes and from ␥-proteobacteria to ␤-proteobacteria.
The phylogeny of the heterotetrameric E1 family (Fig. 7 ) relates mitochondrial and chloroplast E1p ␣-subunits with E1p ␣-subunits of the ␣-proteobacteria and cyanobacteria, respectively, which is in agreement with endosymbiotic gene transfer from bacteria to eukaryotes (7, 16, 51) . Furthermore, the putative heterotetrameric E1p ␣-subunit of the archaeon Haloferax is positioned within the cluster containing mainly proteins of the low-GC-content gram-positive bacteria (cluster I in Fig. 7 ), suggesting that this E1p ␣-subunit gene has been recruited via gene transfer from the gram-positive bacteria. The obvious absence of PDHCs in other archaea (70) is in agreement with the finding that the oxidative decarboxylation of pyruvate is generally catalyzed by pyruvate:ferredoxin oxidoreductases in archaea (31, 32, 47) .
Interestingly, the phylogenetic analysis revealed that all heterotetrameric E1p ␣-subunits of the low-GC-content grampositive bacteria cluster with the known heterotetrameric E1 ␣-subunits of the BCOADHC in many bacteria (Fig. 7, cluster  I ). This clustering indicates that the heterotetrameric E1p proteins of this lineage are more closely related to E1b proteins than to heterotetrameric E1p enzymes in ␣-proteobacteria and cyanobacteria. Thus, we conclude that it is likely that the E1p proteins of the low-GC-content gram-positive lineage are derived from E1b proteins of a BCOADHC via a relatively recent gene duplication event in an ancestral low-GC-content grampositive bacterium. This hypothesis is corroborated by the finding that B. subtilis E1p catalyzes both the decarboxylation of pyruvate (K m ϭ 10.2 M, V max ϭ 60 mU/mg protein) and of branched-chain 2-oxoacids (K m ϭ 33.6 to 88.8 M, V max ϭ 11.8 to 53.0 mU/mg protein) (39) . The cyanobacterial heterotetrameric E1p ␣-subunits also are more closely related to E1b ␣-subunits than to the respective E1p ␣-subunits of ␣-proteobacteria, suggesting that the cyanobacterial heterotetrameric E1p proteins also arose from E1b proteins via a less recent gene duplication event in an ancestral strain. The hypothesis that the heterotetrameric E1p proteins derived from E1b proteins, rather than the reverse direction, is in agreement with the assumption that early environments have been rich in amino acids and thus that amino acid-degrading enzymes such as BCOADHCs should be an earlier development in the evolution than the "aerobic" PDHCs. The notion that BCOADHCs have existed early in evolution is substantiated by the fact that BCOADHCs are present in archaea, which indicates that BCOADHC have developed before the divergence of bacteria and archaea (22) . The finding that heterotetrameric PDHCs are abundant only in ␣-proteobacteria, low-GC-content grampositive bacteria, and cyanobacteria thus suggests that heterotetrameric PDHCs trace back to developments that probably occurred late during the diversification of bacteria. In conclusion, we propose that heterotetrameric E1p subunits in bacteria arose from ancient E1b proteins via multiple independent gene duplication events.
